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KACT

The seoond order Doubly Asymptotic Approximation cDAA2)) = total number of fluid elements in spherical surface mesh
method.4eeeleped-brOeec-an4-fiiippe--f-titas been implemented
in the SWEEPS.STAGS cod@4" provide a steady-state vibration = -
analysis capability for submerged structures. This paper extends
the previous work 4r V In ihter- k - acoustic wave number
mining the convergence behavior of DAA2-predidd weT surface
variables that are relevant to steady-state submerged structural K, = structural suffnees matrix
vibrations The convergence rates of fluid boundary egenvalues
and convergence behaviors of modal acoustic impedance functions m - order of symmetric spherical surface harmonic
are calculated for Increasingly dense fluid element grids on a
spherical surface Within mode-dependent frequency ranges in im) - superscript denoting mode-derived JAA2
which DAA - is valid. dense grids on the order of five elements per
nail-wave are needed for five percent accuracy In modal acoustic m n  - nth-mode wet surface flu.d -aass
impedance This IS a consequence of the low order (constant
source strength) interpolation used for eatablishlnp fluid variables. LA = wet surface fluid mass matrix
There are mode-dependent frequency ranges for which DAA2
acoustic Impedance predictions are inaccurate. even for very dense M - structural mass matrix
fluid element gridis These results provide guidance for engineers
developing SWEEPS-STAGS idealizations for vibration analysis of n = order of axisymmetric spherical surface harmonic
complex submerged structures_...w

p - wet surface pressure

NOMENCLATURE
o = wet surfaoe pressure vector associated wth fluid boun.

davy elgenrnlode
iOverdots denote differentiation with respect to lime. e.g Is d e

first time derivative of pressure) = U wa.w.tw o s urrfteeeeu. vc-.R . . .

a n  = nth-mode wet surface element area - wet surface-radiitted pressure vector

= wet surface element area matrix r - spherical surface radius

fluid sound speed a - Laplace transform variable

superscr:ot denoting curvatsre-augmented DAA2 u - wet surface normai velocity

C, structural damping matrix u = wet surface normal velocity vector Lasocated with fluid
boundary sigenmode

f. mechanimal input force vector

U1 = incident wave wet surface normal velocity vector

g mode-derived DAA2 empirical curvature parameter tn nth-mode wet surface normal velocity

G0 - stru(-ture coordinate - fluid coordinate transfomation
matrix 2 s  = wet surface normal velocity vector

t6;



-structural displacemant voo --.- F--

eipermnae exists. In such case. information on the ability of the
ri- nth-mode (specifle) aeoustio fluid Impedance cobm numerical method In tepesn the response of imIple

-l estructurs demoneteetlng known behavior is useful Cuidance for
K - diagonal matrix of wet surface mean local curvatures A"veloping vali ideallsathones of comnplicated stucotures.

Valid KM/IMM Idealizatios of vibrating submerged Otnilo-
K,., = nth-mode wet surface i cur ivature turee ane those which correctly resolve structural bending a~nd

membrane travelling waves end resonant standing waves poorly
Ic'- - diagonal matrix of fluid boundary elgenvalue ontrolled by struoinrel diamptng. Stmarty. the acousimI-

pedance that exterior fluid presents to the Aruotuirsl wet surface
1, - nthl-moda fluid boundary alganvalue must be resolved In tbe frequency doaen and in space. Maths

matical Idealizations he" hope of ameting thms requirmets it
e - fluid density they Pon" (1)I. a sufficient number ot structura elements per

wavelenigth of Imp~rt bending or mnembrane responase patterns.
- wet surface fluid-frequency matrix and (2); a suffloieot number of fluid boundary ebsmerits per

* wavelength In ilnPOit~it WOL surface statonaPr travelling
w - radian frequency response patterns. The optium wet surface 1KM/DIM 

dependa on the interpolation orders of struCtux i and fluid
(1- nth-mnode wet surface fluid-f reqiiency parameter elementa relative to the response pattern compleity.

Thia paper presents benchmnark problem results thait should be
useful to users of the BWREPS-S7AGS code 19.16). which utilizeei

INTRODUMtON coupled structuaral IBM and DAU-based flid DIM for prediction
of the nonlinear Uranalent or lner Ume-harmnoinln reeponse of

The steady-Atsie time-harmonic interaction between submesrsed submerged shell strictize. In particulr. the ability of the
elastic structures and exterior acoustic fluid in an important Naval SWEPS TAo8 fluid boundary alements and the DAA2 approxima-

*structural mechanics and &ouatica problem. The finite element tloui to resolve th5 rodal acoustic Impedance functions of a
method 11KM) 19 the 01nlY viable m04115 of modeling the vibratory spherical surface exposed to an infinite extent of external acousti
reeponse of harmonically-eited. topographically complex Atruc- fluid Is examined.
tuns composed of beams. plaes, and shells. The VIM, as ames
of approximating the man, stiffness, and damping dIstributlions of A DAA2 MODSL MRE ACOUSTIC IIMDANCR
arbitrary struictures. Is deecribed in many texts: (4) Is a well-
known example. Varioua nurnrtca schems are avalale for The DAL2 equations defining an approximate relatishIp be-
"e5xact" modeling of linear acoustic fluid in time-harmonic pro. tween pressure anid velocity on the surface of a submerped
blams; two important approaches are fluid finite elements [5.6.~?] vibiralig structure have been reported elsewhere [21. they are
and Hielmiholtz surface ina qain &.~~ho hn t~m-hmon&sp~cWM~lQ h l~llniiitnli.l-h--
fluid models have been coupled to stuctural finite element codes coupling of structural stiffness, structural damping. sts-ucturial
11-.151 Such that vibration and sound radiation problem of man., and oomplex-vsalued acoustic fluid impedance is apparent in

coupled fluid-structure dynaimical sysatems can be analysed. Fluid Lhe DAA2 frequency demain matrix equations. leqa. (1) and 12) of
finite element and Hfelmholtz surface integre approachee are
thre-imensional aad two-dimensional nunericel methods of
dlscrelidng the wave equation. These methods are apable of ex-
actly representing fluid loading effecto on the wag surfaces of ar1 m

* ~~submerged vibratinstructure. Convergence toward exact aolu - p ~
lions with Increasing wet surface gri density is possible as long Ifi frIfIIP.I-116
as propagating acoustic waves in the fluid domain and fluid boun-
dar" pressure distributions are resolved (MAo. in certain Kelm. where ~.-am.l + )-P.- K.
holtz integral methods the problem at uniqueness of soluion has Est - GA,
to be dealt with).

An alternative approximate acoustic fluid model is the second-Z; - goOWW +jw'*VQQw

order Doubly Asymptotic Approximetlon (DAA8I. originally Fr'-24 + eo Qw4f + Pf 6
developed for transient fluid-structure interaction (161. and re-
cently extended to time-harmonic vibrations of submerged etruc. 18i - Q4141

*tunas Ill. DAAZ has Also been exercised in simple coupled vibra- it, 00 - 34# )
lion and sound radiation problems [ 17). Mathematically, DAA2 is a
second-order differential equation that approximates the exact
relationship between fluid pressure i.nd velocity on a two- An approximate model of the pressure and velocity relation-
dimensional boundary of a thiree-dimensional infinite fluid do- ship on a closed surface within an exterior fld of Infinite extent.
..cin. The bound&.- *quator.B am. affaitl;~y. dim nalarsally- shogwn in, Figure 1. can be oblaiinevi by Supprssing all strucural
reduced versions of three-dimensional fluid field equations meatric" and sp&Wiying meo Incldent-wave presufe and velocity
Numerical implementation of DM82 follows a boundary element Under these conditions, the scattered pressure cnn be interpreted
method (REM, alo discussed in [431, since tihe epatili variations of as radiated preoure and eqitatlon 0 1 reduces to
fluid pressure and velocity on the boundary of an infinite exterior
fluid (wet surface or a submerged structur) ame interpolated by 1Lp Q )_M~' 2ffTj 2
assumed functions local to elements of the surface. The frequency I -_ "Af + c 0-(4f * 916f I I~+jC(cIIO +~QMG, ~
domain Impedance iratio of pressure to velocity) approximation is
governed by the order of the DAA equation used. The following transformation converts "structurai- displace

A structural dynamics analyst usually invokee many approx- mont, vector 11 to wet surface velocity vector U
imations when devising Idealizations of complicated structures
The inherent assumptions of tie mathemoratics underlying an
analysis computer code (e.g.. structural IBM coupled with fluid U
BEMS in the present case) comprise an approximation level to be
accepted at the onset. The analyst must endeavor too minimise the

*influence of dlscr*tisaton errore on predited resgionse variables. If ij, is Imagined as describing modal Standing Wave MnLions
* More orten than not, the analyst facet the task of predicting the of the fluid "bouindary" in the absence of external driving forces

4e* '. V- V I.% V VA V.7. - J.- V V3



modal impedance Is a function of one fluid boundary mode, each

TW A O MNY CAITY of which corresponds to the low frequency limit of the exact "aC-

cession to inertia per unit area" of an acoustic mode of a spherical

surface,

The general expressions for DAA (mI and DAA i
0 modal acoustic

2 2

X impedances, equations (A18) and (Al7) of the Appendix, reduce to
simpler forms when the normalizations g - o - r - unity are used

for a spherical surface geometry. The DAA' m l 
empirical curvature

parameter g is taken to be unity for the spherical surface, and the

DAA IC) curvature function Qn reduces to 1-An. With these particu-
2

lars. equations (A16) and (A17) become:

INFINITE R~

EXTEIWOR FLUID ROZ () 4

(M) (WAn)
4 (WAd +

DAA : ,81

ImZ n  An

Jw (wAn) 4 
- (wAIn)5 + 1

Figure 1 - Two-Dimensional Fluid Surface in Three-Dimensional

Exterior Fluid Domain (WAn
1 4

Rten -

f, then (2), when combined with (3), reduce to a frequency- ('wAn)
4 

- (wAn)s + glA')

domain relationship between fluid boundary pressures and DAA m[ -: (7)

velocities required to sustain these modes: ImZn ng(n) - ln(_nl_]

JW ( An), _ (aJ)n + a
I -WM, ' Qc Qul r + Q? )] p = 1oc(JQQfMkf - w

2Mf)l u (4)

where g(A'n) = (A'i + 1) + 2A5 k((AA)L -I),

An equivalent expression in the time domain is:

Mf 0 + QcA P + Q05_2+ P QC ¥ruY + Qrkf i) (8) The "exact" low frequency limits of a spherical surface's fluid

boundary eigenvalues. A. - 1/(n+l). can be used in equations 16
Equations (4) and (5) are the DAA2 equations defining the and (7) to define "exact" DAA2 modal acoustic impedance func-

fluid pressure p on the surface of a fluid boundary vibrating tions Zn.Approximate An, as predicted for various SWEEPS-STAGS
freely with velocity distribution u at frequency w. This interprets- fluid element grids, can be substituted in the same expressions to

tion of the conditions under which the general DAA2 fluid- obtain associated approximateZ,. The convergence of Zn and An,

structure expressions (1i were reduced to either (4) or (8) implies toward values based on exact fluid boundary elgenvalues (the best
that DAA2 modal acoustic impedance functions can be defined for results possible with DAA2) with' increasing fluid element grid

ivery fluid boundary "mode," provided the modes are uncoupled, density is now examined. Frequency ranges of DAA2 method

This is possible only for a limited number of fluid surface validity are also determined by comparison to exact modal series
geometries; the infinitely long cylindrical surface and the spherical solutions (21).

surface are two examples. The spherical surface is considered

here. SWEEPS-STAGS MODAL IMPEDANCE RESOLUTION STUDY

SPECIALIZATION TO SPHERICAL SURFACE Equations (6) and (7) show that DAA2 polynomial approxima-

tions of impedance functions Zn depend only on frequency co and
The acoustic impedance functions implied by the DAA2 dif- fluid boundary elgenvalues An. Thus. only the FLUMAS (Fluid

ferential equations relating wet surface pressure and velocity are Mass) module of the SWEEPS-STAGS code, which calculates fluid

derived for the two DAA2 forms (mode-derived DAA(;m and mass matrix ]gf and solves the following fluid boundary elgen-
2 problem, needed to be run in this study:

curvature-augmented DAA'r ) n the Appendix. Equations (4) and (5)

above are used as a basis for this development. When these two M~u = 18)

functions are specialized to uncoupled acoustic mode situations.
the resulting complex-valued DAA2 acoustic impedance poly- The fluid boundary eigenvalues and eigenvectors of a spherical

nomlals are functions of "fluid boundary mode" elgenvalues and surface of unit radius, immersed in a fictional acoustic fluid of
radlated-wave curvature parameters. The notion of fluid boundary unit density and sound speed, were determined for a series of

modes and thp meanings of DAA'm' and nAA'c are described more uniform SWEEPS-STAGS fluid element meshes. The mesh fdmily

iompletely by Geers [16,191 and F'ellppa (20]. In DAA (l the curv- considered is shown in Figure 2: the four-noded fluid elements of
2 the FLUMAS module of SWEEPS-STAGS were used in all cases.

ature parameter is a mode-independent empirical constant, while As shown in DeRuntz and Geers [3). a three-dimensional
spherical surface possesses repeating eigenvalues of many nonax.

DAA ,ses a matrix of local wet surface curvatures. As shown in isymmetric wave numher orders (m) for every value of axisym.

the Appendix. the accuracy of DAA2-predtcted wet surface modal metric wave number order (n) of n = 2 and above. Hence. FLUMAS
Lcotustic impedance depends on the accuracy of computed fluid produced as many repeated elgenvalues for n ; 2 as were allowed
t)uondary eipenvaliies Fluid element grid densities needed for a by the symmetry plane constraints specified in the quarter sphere
given acceptable acoustic impedance error level in frequency Idealizations of Figure 2. These elgenvalues occurred In the se

ranges of DAA2 method validity can be readily defined for the quence (1 (nil)). which is a reduction of equation 8.31 of Junger

spherical wet surface problem since the modal impedances are un- and Felt [22] for unit spherical surface radius and unit fluid
coipled As shown In the Appendix, each DAA2-based complex density.

4
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Figure 2 - Family of Fluid Element Meshes on a Spherical Surface .

.8- nz0 MODE
' ,4)*EXACT

MODAL SERIES.
EXACT DAAIS'

,

• 6 AND APPROXIMATE
0 DOAAI

C 
SOLUTIONSo COINCIDE.

C .4-
N

10.0- .2

FIVE PERCENT ERROR 0.0
Z A .1 0.2 0.30.4 0.6 1.0 2.0 3.04.0 6.0 10.0
" n = 7 ol(n+110J€ n 6

n 5 (a) n = 0 MODEa
n = 4 Figure 5a - Comparison of Sweeps-Stags Modal Acoustic Impedance

Predictions to Exact Solution for Spherical Surfacecc n =3

m 1.0 n = 2 The DAA2 spherical surface impedance functions of equations

(6) and (7) were calculated for each axisymmetric mode 0 A n < 4,
n and for each mesh of Figure 2 in the normalized frequency range

0.1 < co/(n+1) < 10.0. It is known that acoustic impedance follows
n =0 a transition between high- and low-frequency asymptotic limits in

this frequency range. The results of the impedance calculations
are shown in Figures 4 and 5.

The mode-derived forms of DAA2 modal acoustic impedances
given by equation (6) were found to be inadequate. Although con-

.1 Ivergence with increasing grid density occurred, the converged
10 100 1000 functions were totally erroneous. Figure 4 demonstrates this fund-I amental inadequacy of DAA IM) by comparison to exact fluid ira-

Figure 3 -Convergence of Spherical Surface Fluid Boundary 2
Eigenvalues with Increasing Fluid Element Density pedance functions of Felippa and Geers [21].

In certain frequency ranges, the DAA ( polynomials of equa-
tions (7), with exact fluid boundary eigenvalues substituted, did

In (3), convergence rates of fluid boundary eigenvalues were not accurately represent the exact modal series acoustic impedance
presented for n=O and n=1 modes of a spherical surface. The pres- solutions [21]. This error reflects DAA2 frequency domain approxi-
ent work extends these results to n k 2. FLUMAS-computed fluid mations and is independent of fluid element grid density. On the
boundary elgenvalue convergence rates for the grids of Figure 2 other hand, acoustic impedances based on approximate fluid boun-
are presented in Figure 3. These computations exhibit a conver- dary eigenvalues did converge to the exact modal series solution in
gence rate of roughly fl/1, where I Is the number of elements in frequency ranges where the exact DAA2 solutions are fair repre-
the mesh. These predictions agree, qualitatively, with those obtain- sentations of exact modal series acoustic impedance.
ed earlier by DeRuntz and Geers 13]. The predicted differences bet- The different convergence behaviors for n=0 through n=4 are
ween theoretically identical eigenvalues of like n-order but differ- illustrated in Figure S. The modal series n=0 impedances are ac-
ing in-order become greater as n increases and/or grid density
decreases. This Is indicated by the error ranges drawn in Figure 3. curately predicted by DAA 2 in the entire frequency range 0.1 <

5
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TABLE 1 - FREQUENCY RANGES OF VALIDITY FOR CURVATURE- TABLE 3 - CONVERGENCE OF DAA'' MODAL ACOUSTIC
AUGUTED DM8R RESISTANCE FOR VARIOUS SPHERICAL SURFACE GRIDS

RATIO Of1 Zn COMPONENTS: IEXACT DaA'/'IEXACT MODAL SERIES __ RATIOS1 OF Re Z,,; I0A ~I19(ACT MODAL SERIESI

I nZ 11" n1.24 1.96 1.216 1.384 1.600 EXACT 1-218 1,,384 1,600 EXACT
__T hi 1 3*14.___ ___ e 4 1C) 0 pAIC1
n+ n- IS n- I~~ n-Z A n n-4 M. ! n-4 .2

0A i 1 1.004 106 .05 1 1. R uo n.l MOOE---!MD
021.0121.017 .018 6.61

0.3 1.007 1.023 1.031 Ae0.; 0.500 0 710 1,000 1.000 1.000 1.000
040.960 1,004 1.023 1.9 9. 048012 0.906 0.93, 096:30. .10. 0.4$1 0.82 091' 0.2 0. I0.5 0.934 0.943 0.970 1.33 2.50 5.37 04 0.497 0.644 0,924 0.952 0.971

0,6 066 .600851.03 1.41 2.21 0. 084 0.867 0.937 0801 0.976
0.7 0.0113 0,306 0.76:3 0.900 0.91 1.13 08 061 089 0.852 000.982 (-1
0.8 01930 0.632 0.750 0.662 0.792 0,776 0.70 010819 0.9287 0.940 0.979 0.988
09 000.3 0.Ii0,20.7 070 00 0770 0.:52 0.9718 0.:87 0.92

j1.000 1 .060 1.06 1s 0,900 0.000 0.74a 0.0 80 0,97 0.98 7 .9 0.990 0996
1. 2 1.130 1.263 1.391 0.963 0.911 0.670 2 0.977 0.8998 0.999 1.000 1 0001 4 1.158 1.350 1.543 0.964 0.971 0 .694 1.4 1,007 1004 1002 1.001 1,001 073 0.973 0 972 0 971
1.6 1.169 1.364 1.514 0.999 0.999 1.000 1.6 1 018 1 006 1002 1 002 1.001 1003 1.003 14001 09899

161.148 1.332 1.530 1.006 1.012 1.02S 1.8 1.023 1.009 1.003 1002 1011021 1017 1,015 .1
201. 133 1.299 1.476 1.009 1.017 1.023 20 1.023 1.006 1.003 1002 1001 1020 1022 1020 1017

3.0 1.073 1.162 1.260 1.009 1.015 1,020
401.045 1.108 1.4 .06100 1.013 .- - OD - -4 MODE

5. 0 1.067 1.095 1.004 1.007 1.09 <1.41__ __6.0 1.042 1.070 1.031.0 1.000 1. 088098099085 088:4 - 1*1
7.0 1.048 11.6 1, ".10 1.004 1 .002 1 .001 C 1999 1.004 1.004
9.0 ____1.031. Ole01 1.011 1.009 1.009 1.000 61 1.022 1000S

_______ ______ -- - - 2.0 1.02, 1014 1.012 1.011 1.009 1.028 1000S
"T A
1

EiIOR IS OVER FIVE PERCENT IN RANGES: 3.0 '__ .021, 1.014 1.012 1.1011 1 .008
n=2 1.2 < w 12.0 Im Zc 1.4 Re, Zn 590614 INADEQUATETO DEFINE FLUID BOUNDARY EIGENVALUES.
n =3 1.6 <W <24:0 1w- . AG O A''AIIY
n=4 2.6 S w < 36.0 1 REACTANCEI W0 < 1.4 RSSAC) 1:OTIE1

Ic ~ . R S S A C II ) O T AI E RA G O- AC N E G E C O FALIDITYI B U N A R
TABLE 2.- CONVERGENCE OF DAPA' MODAL ACOUSTIC REACTANCE TAL -CNEGNEO A 2 FUDBUDR

FOR VARIOUS SPHERICAL SURFACE GRIDS EIOENVALUES FOR INCREASING SPHERICAL SURFACE
GRID DENSITY

RATIOS OF Im Zn: (DaC'/ EXACT MODAL SERIES)

I 4 26 .341.O XACT sXACT EXACT 1= 24 1--96 1=216 1=384 T= 600
I~2 .41211.84 ~ OAA'Cl

1 
'.216 1 . 34 1 .800 ~Ii *

02 08@07 01960 0 .981 0568e 0.993 0978 0.994 1.004 1.017 1 .50 .874 .965 .984 990 .994
0.2 094a 0.969 0 940 0.5i8 08913 0.978 0.99 1.009 1.023 2 .3333 .7 .6 97 . .1
04 0854 0662 0563 0,969 0.993 0.88" 0.978 0.9811 1.004
0S0 088 0970 08819 0893 0996 _2-r 94.3 6 90 .8

08a 09$42 0.923 099M 0989l 0 9994 .2 A7101 .9.25 95 .75 .0

0 7 101 4 1013 1 007 1004 1.003

08 08o 1028 1 014 ".00 THOEIALYDGNRT.MLIL00GNAUSO LK 9RE IFRN
0 1142 .04 1 1 ll 1'007 1-1 mORDER. NOT RESOLVED FOR mI COMBINATIONS BELOW SOLID LINE.

10 1 t79 1 045 1.021 1 013 1008
1 2 1 203 1 044 1.001 1 013 1.008
I 4 1 192 1042 109 1.010 1 007

10 119106 1018 109 18
1.s 1 144 1030 I 014 1.0-07 1009S TABLE 5 - REQUIRED SWEEPS-STAGS FLUID ELEMENT MESH

2 1 1078 1.1012 11.003 1 1004 161 1 1 1DENSITIES FOR ACCURATE PREDICTION OF MODAL
-. 2 MOE 0 - --8r n 4 59008 ACOUSTIC IMPEDANCE

0' 0 941 0 .8 09117 0 984 1 004 0.864 1 008
0 2 0 980 0.903 0 994 1 000 1.0162 0.998 1.010 3 1.1 0040 03977 0 997 0905 1.007 1I1 11 I.006 103!1 ELEMENTS PER MODAL HALF WAVE
0 4 0931 0969 0980 0089 05600 0,997 103 -_____ ______

OS045 0.9701 ELEMENTS n~l nl.2 n 3 l4
05__ - - - I IN CIRCUM. 2 4 6

PME H INAOOUATE TO 008,58 fLUID BOUNDARY EIGENVALUES ARC HALFWAVES HALFWAVES HALVWAVES HALFWAVES
AlOUTSIDE AANGE OF DAAICIVPLIDITY.

24 8 4 2 133 1

were of the same order as the spacing between elgenvalues of adja- 96 - 16 8 4 2.67 2

cent axisymmetric n-orders. All of this data Implies minimum re- 216 24 12 6 43

quired grid densities for acoustic resistance and reactance predic- 394 32 16 B 4

Lion In frequency ranges of DAAI) validity, as limited by An r-FI- 40___ 20____ 6.67___ 7____ _ 5____

2
MESH DENSITIES BELOW THESE LINES RESOLVE THESE VARIABLES TO WITHIN FIVE PERCENT OF

resolution. EXACT VAL.UES:
Table 5 summarizes the convergence behavior of n=I, 2, 3 and

4 fluid boundary sigenvalues, acoustic reactances, and acoustic FLUID BOUNDARY EIGENVALUES An,

resistances for several different SWEEPS-STAGS fluid element --- MODAL ACOUSTIC REACTANCE Im 0,,

grids. The number of elements per half-wave of the modal pattern --. MODAL ACOUSTIC RESISTANCE Re Z

required to resolve fluid boundary elgenvalues and modal acoustic CONCLUSIONS
Impedance functions accurate to five percent depends somewhat on
the fluid eigenmodp shape. The n=1 mode seems to require special This work provides some initial guidelines on required
consideration It Is fair to conclude, however, that a minimum of 5 SWEEPS-STAGS fluid grid density needed for accurate representa-
elements per half-wave is needed for five percent accuracy in fluid tion of acoustic impedance on a surface exposed to exterior fluid.
boundary elgenvalue and resistive fluid impedance prediction in These guidelines should be useful in developing analytical idealiza-
the range (, ;k 1.4 for n=2 and 3 and for w ) 1.6 for n=4. Similar tions of complicated submerged structures. The required fluid grid
requirements seem to hold for minimizing spatial discretization or- density for five percent error in acoustic impedance is five
I rn Inl ron'I-lVI, Illipodarlrl I'added mass" offect) predictions at olements per half-wave in frequency ranges where DAA2 is valid.
relatively low frequencies. These tentative mesh requirements In This requirement Is rather demanding and certainly reflects the
SWEEP STAGS submerged structure vibration analysis may be low interpolation order of fluid variables in the SWEEPS-STAGS
subs~tantially altered by inclusion of structural impedance and/or fluid elements. Further studies should be undertaken to determine
structural damping. Also, convergence of far-field radiation will whether the total. wet surface input impedance of a submerged
probhably not be as sensiti,,e to grid density as the near-field structure of Interest is governed by structural impedance (mass,
variablpi crinsidlered In this work, stiffness, and structural dampilng or by acoustic impedance. It Is

7
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rqepSCt.AvuAJ. eifics Uiee are, the dorninarit sicaetuc waveforms near Since the U~nsform variable a becomes )w for harmonic tima.
the wet surface of the" two ideaJUd strtura~l boundaries dependenic* of all variables. equatlonj (AM~ And tAliS bjecome.

The level of co1Js~ic dteretUatn ifluid boundar'y element after some algebra and use of some now Y&71&btoee
deansityl is an Isaue Impacting the ;*rfortnarce of both DAA2

!orrns In lDAA" . the curvature peiajoster j i an additional rr. &,

consideration that i hsandleid ritonsly in DAA'c' The abimo 9 - Q - ,,

OAA2 a buftsc fluid models to repreant the flid boundeny eigen-
~~S. modes of sim@ simple radittLA surfact geortetles is of Intereew, AI.A
-~ here Thio above two DAA2 versions can bet wrkaWs in uncoupled Z, D)AA'w -Al4i

inrode form. thee. equations will be USed to derive implied cor- j~ig~Aj.
reaponding specific acozutc smpe-datr. functis. for whWch exact
soiutvinl exist far acoustically uncoupled geomrieis The modal
DAA2 equations are specializations oa equations (A II and IASI).r

DAA " Mp 4 
-,fA ec,- -' pc- - A 5

'aAl2 h cn~o.r

00m *r. (~n W- ~ IASI After further complex arithmetic and sea~atw~n into real and
trnlniary paits. th folwn maA4 imes~c fictios pa-

ticular to the two DAA2 formns are cblneo

DAA IASI abova. with p~ c(!)c iA Mi I,- ~ DA;* p

substituted for k) L C
Gear ha hw 11thtCi *a to fluid boundary aigen C

values If A, are the eigenvsiuee of IMZ,)ge.'a hwn(6 ha s eae DAAa" ) --

%.6' the rde-derived c~ .. must be restricted to the range DA 1
r. - *A9 lm~~~~RZ,. DAA I()(),(c( ~s

weres a hW n qslni~

Thes- cs de aos. imentate mnie -&, equtish tA5J ihn , e.a.ad , -

an~d AC6 ' (or rsLdiawr surfaces demonstrating uncoupled nodes can

Iesut aerivCb ~yigLpae~asom oi~ ~ Ae The"i exprtssions depend on flud hcunlary -jnaus ,
54 rv5j~ts ~which are equivalent ,.0 modal acceezior.2 t4 inaru& per ornit

m~s'* *radiating surface area in, &,. and the radlated-wave curvatUrte
PAA1,5 iAIO) pa~riaets A iDAA"r', 0: K, DAA '. ,It should tw piointed out

-"nt" VC na u t iuiO counsakry elgenvalues correipond to low frequency
L LasyTmptouc limits of a4cceas~on to inertia per Lot- atea Fitact -je

VAA Al10) above. w ith . reiPlacing prsin ofll rno aceaws tTOIl~4 of5 ineri for the siphere alF4 1li In
lIt cyl nor as* giveti ii jitger %rLiFe lao I; wro id, pl-1-i
low frequency ssymptcuc expressiu ns IFor axisymmoir~c r'5

If avhlcity u is taken to be moidal velocity u, theft equtions the low frequer. 'y lunmit nf i. fokr A fiPhLrICAI fiiiirAS :f
A i, and 'Al c1 an be usedd to define complex-valued rnodai

k, 'aphorei r I~ ik0 <4 2n-l 81re 3

I., A 2

/ >AA 'A 12 above with) .,Arp!&cind I iA13
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